Tissue injury initiates a complex series of events that act to restore structure and physiological homeostasis. Infiltration of inflammatory cells and vascular remodeling are both keystones of this process. However, the role of inflammation and angiogenesis in general and, more specifically, the significance of inflammatory cell-derived VEGF in this context are unclear. To determine the role of inflammatory cell-derived VEGF in a clinically relevant and chronically inflamed injury, pulmonary fibrosis, we deleted the VEGF-A gene in myeloid cells. In a model of pulmonary fibrosis in mice, deletion of VEGF in myeloid cells resulted in significantly reduced formation of blood vessels; however, it causes aggravated fibrotic tissue damage. This was accompanied by a pronounced decrease in epithelial cell survival and a striking increase in myofibroblast invasion. The drastic increase in fibrosis following loss of myeloid VEGF in the damaged lungs was also marked by increased levels of hypoxia-inducible factor (HIF) expression and Wnt/β-catenin signaling. This demonstrates that the process of angiogenesis, driven by myeloid cell-derived VEGF, is essential for the prevention of fibrotic damage.
angiogenesis | fibrosis | hypoxia | inflammation P ulmonary injury initiates a complex series of healing responses generally involving extensive inflammation (1) . Among myeloid cells that infiltrate the lung during the inflammatory phase of pulmonary fibrosis, macrophages represent a major population that is also known for its ability to release large amounts of VEGF (2) . The significance of angiogenesis, particularly expression of the angiogenic factor VEGF, in pulmonary fibrosis is a matter of controversy (3) (4) (5) , however. In lung tissue, recent work has shown that delivery of VEGF can aggravate pulmonary fibrosis but alleviate pulmonary hypertension, highlighting the complexity of its role (6) . However, it is not clear whether angiogenesis is a prerequisite for fibrogenesis or simply a bystander phenomenon without a causal relationship or if it is a necessary compensatory mechanism to prevent excessive fibrosis (3).
Hypoxia is believed to be a profibrotic stimulus that contributes to the development of fibrosis in multiple ways. Key mediators of cellular adaptation to hypoxia are hypoxia-inducible factors (HIFs), with HIF-1 and HIF-2 being the most extensively studied. HIF-1 and HIF-2 are basic helix-loop-helix transcription factors that consist of an oxygen-sensitive α-subunit and a constitutively expressed β-subunit (7) . It has been shown in vitro that chronic hypoxia is a strong stimulus for collagen synthesis (8, 9) , and many genes involved in the remodeling of extracellular matrix and epithelial-to-mesenchymal transition are known HIF target genes (10); in turn, HIFs have been suggested to be involved in the development of tissue fibrosis (11) . Besides the regulation of genes involved in angiogenesis, oxygen transport, and glucose metabolism (12) , hypoxia and HIFs have been shown to affect Wnt/ β-catenin signaling (13, 14) , and the canonical Wnt/β-catenin pathway regulates crucial processes like fibroblast proliferation, myofibroblast differentiation, and epithelial-to-mesenchymal transformation, and is therefore a major pathway in the development of tissue fibrosis (5, (15) (16) (17) (18) .
A key question is thus the extent to which angiogenesis, driven by inflammation in pulmonary injury, is beneficial or detrimental to this process, whether it acts to alleviate tissue hypoxia following damage and injury, and whether it contributes to the fibrosis that results from chronic inflammation of damaged tissues. To address these questions, we used a tissue-specific deletion of the angiogenic factor VEGF-A in myeloid lineage cells to determine how expression of VEGF-A by cells of the innate immune system affects the process of fibrosis. We found that VEGF-A expression by myeloid cells is a crucial aspect of endothelial restoration and reepithelialization and that fibrosis is significantly accelerated in its absence.
Results

Loss of VEGF-A in Myeloid Cells Increases Pulmonary Fibrosis in
Bleomycin-Treated Animals. To define the role of VEGF in the inflammatory response to pulmonary injury and fibrosis better, we created a targeted deletion of VEGF in cells of the myeloid lineage. Mice with both alleles of exon 3 of VEGF-A flanked by loxP sites (VEGF +f / +f ) (19) were crossed into a background of Cre recombinase expression driven by the lysozyme M promoter (LysMCre/ VEGF +f / +f ) (20) . This results in a tissue-specific deletion of the VEGF gene in mutant (Mut) mice, with excision in greater than 80% of isolated neutrophils or peritoneal macrophages (21, 22) .
In the lung, aberrant healing responses to injury are thought to contribute to the pathogenesis of pulmonary fibrosis (1). We assessed the impact of myeloid cell-derived VEGF on vascular remodeling and tissue repair in an established lung injury model that provokes profound pulmonary fibrosis. On i.p. administration of bleomycin, VEGF Mut mice showed aggravated histological signs of pulmonary fibrosis and a marked increase in collagen deposition compared with WT littermates (Fig. 1 A and  B) . To determine whether the aggravated histopathological signs of pulmonary fibrosis seen in VEGF Mut animals translate into a physiologically relevant phenotype that affects the pulmonary gas exchange, we measured the oxygen uptake at the anaerobic threshold of WT and VEGF Mut animals treated with saline or bleomycin. Consistent with our histological findings, the oxygen uptake in VEGF Mut mice treated with bleomycin was significantly reduced (Fig. 1C) , further indicating that the advanced fibrotic changes in these animals represent a major diffusion barrier that hampers the gas exchange within the alveolarycapillary unit.
Increase in Myofibroblast Formation in Mut Lung Tissue. A histopathological hallmark of pulmonary fibrosis is a massive increase of fibroblasts and myofibroblasts in the injured lung tissue, with concurrent loss of type II pneumocytes (1). We performed immunofluorescence for the fibroblast marker fibroblast-specific protein-1 (FSP) ( Fig. 2A) , the myofibroblast marker α-smooth muscle actin (SMA), and the type II pneumocyte marker thyroid transcription factor 1 (TTF-1) (Fig. 2C ) on lung sections from saline-treated and bleomycin-treated (administered i.p.) animals. Quantitative analysis of each marker revealed higher numbers of fibroblasts as well as myofibroblasts and a significant loss of type II pneumocytes in VEGF Mut animals relative to WT littermates ( Fig. 2 B and D) . These observations corroborate the earlier histopathology and collagen deposition results, indicating that a much more rapid and extensive progression of pulmonary fibrosis occurs in animals lacking VEGF in their myeloid cells.
Loss of VEGF-A in Myeloid Cells Does Not Affect Infiltration. To determine whether the deletion of VEGF in myeloid cells affects their ability to infiltrate pulmonary tissue after injury, we analyzed myeloid cell populations in bleomycin-treated WT and VEGF Mut animals by immunohistochemistry as well as by flow cytometry of single-cell suspensions from fibrotic lungs. Although an increase of various cells from the myeloid lineage (particularly macrophages) was observed in each case, the levels and distribution of cell recruitment were similar in the WT and VEGF Mut animals (Fig. S1) . Thus, the ability of macrophages to migrate into pulmonary tissues is not significantly influenced by their ability to release VEGF.
VEGF-A Levels and Endothelial Numbers Are Significantly Reduced in
Mutants Postinjury. Pulmonary fibrotic lesions frequently exhibit a heterogeneous increase in vessel density, and an extant and important question is whether the release of angiogenic factors enables the development of fibrosis or, conversely, if it is a compensatory mechanism to prevent more severe fibrotic changes (3, 5, 6) . Detection of VEGF protein by Western Blot analysis in whole-lung lysates revealed markedly elevated VEGF levels after intraperitoneal bleomycin treatment (i.p.) of WT mice compared with either untreated mice or bleomycin-treated VEGF Mut mice ( Fig. 3 A and C). This latter observation demonstrates that an essential source of VEGF in the injured tissues derives from the infiltrating myeloid cells. This finding is in striking contrast to quantification of VEGF origin in solid tumors, where we have shown that VEGF from myeloid cells is an insignificant contributor to total tissue VEGF levels (22) . Along with elevated VEGF levels, we detected an increase in phosphorylation of VEGF receptor 2 (VEGFR2) in fibrotic lung tissue, as assessed by detection of phosphotyrosine residues after immunoprecipitation of VEGFR2; this assay can be used as a measurement of receptor activation, and loss of VEGF in myeloid cells resulted in reduced activation of VEGFR2 in lungs ( Fig. 3 B and D) .
To determine whether the genotype-specific differences in VEGF levels and VEGFR2 activation translate into alterations of vascularization, we performed an analysis of vascular density on treated and untreated lungs. As shown in Fig. 3 E and F, treatment of WT mice with bleomycin (i.p.) results in a typical pattern of heterogeneous increases in blood vessel density along the periphery of fibrotic lesions and vascular rarefaction in the center of fibrotic foci. However, in VEGF Mut mice treated with bleomycin (i.p.), this increase in vascular density was significantly reduced ( Fig. 3 E and F) .
We hypothesized that the formation of previously undetected blood vessels seen in WT animals is a compensatory mechanism to enable tissue repair, restore tissue homeostasis, and prevent fibrosis. Interestingly, many processes leading to tissue fibrosis can be induced or triggered by hypoxia. For instance, it has been shown that pulmonary fibroblasts proliferate in response to low oxygen concentrations (23) . Hypoxia, acting in large part through the HIFs, is also involved in the process of epithelial-to-mesenchymal transition and myofibroblast differentiation (24) . Thus, impaired angiogenesis in Mut animals could result in inadequate tissue perfusion and oxygen delivery within fibrotic foci, thereby accelerating the progression of pulmonary fibrosis.
Expression of HIFs and Hypoxia Markers Is Elevated in Lungs from
VEGF-Mut Animals Postinjury. An analysis of nuclear extracts from whole lungs showed that in saline-treated animals, HIF-1α as well as HIF-2α remained almost undetectable. In bleomycintreated (i.p.) mice, lungs from WT animals showed a marked induction of HIF-1α as well as HIF-2α; however, the nuclear amount of both HIF isoforms was increased even further in lungs from VEGF Mut animals (Fig. 4 A-C) . Furthermore, simultaneous immunodetection of CD34 + vasculature and the HIFregulated enzyme and hypoxia marker carbonic anhydrase IX (CA-IX) revealed CA-IX expression in fibrotic regions, which was, again, more pronounced in lungs from VEGF Mut animals compared with WT controls (Fig. 4D) . It is noteworthy that within fibrotic lesions, the hypoxia and HIF-regulated gene CA-IX was particularly enhanced in its expression in areas that showed capillary rarefaction (Fig. 4D ).
Increased Activation of Wnt/β-Catenin Signaling in Fibrotic Lungs from Mut Animals. Among various signaling pathways that are involved in the development of pulmonary fibrosis, the Wnt/ β-catenin pathway has been determined to be of major importance; it is linked to crucial fibrotic processes, including proliferation of pulmonary fibroblasts and their differentiation into myofibroblasts (5, (16) (17) (18) . It has also been reported that Wnt/ β-catenin signaling can be triggered by hypoxia in an HIFdependent manner (13, 14) . As shown in increase in β-catenin protein levels compared with saline treatment, indicating increased translocation of β-catenin from the cytoplasm to the nucleus, a crucial step during β-catenin signaling (25, 26) . A quantitative analysis demonstrates that nuclear levels of β-catenin are greatly increased in lungs from bleomycintreated (i.p.) VEGF Mut mice relative to WT mice (Fig. 4F) . Similar results were seen in the expression of cyclin D1, a major downstream component of the Wnt/β-catenin signaling pathway (27) . Whereas cyclin D1 was almost undetectable in nuclear extracts from saline-treated animals, bleomycin-treated (i.p.) WT animals showed increased cyclin D1 protein levels in their lungs, and the amount of cyclin D1 was elevated significantly further in lungs from VEGF Mut mice (Fig. 4 E and G) . Consistent with enhanced Wnt/β-catenin signaling, we observed decreased levels of the epithelial marker E-cadherin in the cytoplasmic fraction in lungs from VEGF Mut animals (Fig. 4 E and H) .
Discussion
In this work, we show that the specific deletion of VEGF in myeloid cells results in aggravated fibrosis and increased collagen deposition, indicating that inflammatory cell-derived VEGF is required for vascular remodeling after pulmonary injury and that this remodeling process acts to restore tissue homeostasis to prevent the development of pulmonary fibrosis.
Furthermore, we report that mutants had greatly decreased overall levels of VEGF within injured tissues, with diminished activation of VEGFR2 and impaired angiogenesis. This argues that myeloid cells are an indispensable source of VEGF after pulmonary injury and during pulmonary fibrosis. Interestingly, macrophages and type II pneumocytes represent the two major sources of VEGF in the lung. However, we observed a progressive loss of type II pneumocytes after bleomycin-induced injury. This is tantamount to the loss of one major source of VEGF in the lung, leaving myeloid cells, particularly macrophages, as the remaining potent source of VEGF. Consistently, after deletion of VEGF in myeloid cells, we observed a dramatic drop in overall VEGF levels.
In contrast, previous studies using various approaches, including small molecule inhibitors, to inhibit angiogenesis in general and VEGF signaling in particular reported reduced pulmonary fibrosis (28) (29) (30) . It is important to mention that the time point of VEGF inhibition in these studies is restricted to the early event of initial pulmonary injury or VEGF inhibition is more broadly enacted beyond the inhibition of angiogenesis. Furthermore, some of the compounds used in these studies do not exclusively inhibit VEGF signaling but have effects on PDGF receptor and basic FGF signaling (28) .
One point to consider in reconciling these results is that in the study by Chaudhary et al. (28) , inhibitor compounds were administered simultaneously with bleomycin. During pulmonary injury, vascular leakage and the onset of the coagulation cascade are likely key initiating events leading to inflammation and subsequent fibrosis. Thus, it is possible that VEGF inhibitors in those experiments act to inhibit early damage and prevent or slow pulmonary fibrosis in this way; in this case, such treatment would outweigh or mask effects of VEGF inhibition on the subsequent repair process. In our models, the deletion of VEGF is restricted to infiltrating myeloid cells, and thus becomes effective after initial pulmonary injury plays its chief role. Therefore, this model enables us to study the impact of VEGF on repair processes subsequent to initial damage, including reendothelialization and reepithelialization.
In other studies using thalidomide (30) or the VEGFR2 inhibitor SU5416 (29) to ameliorate pulmonary fibrosis, not only angiogenesis but the infiltration of myeloid cells, and therefore the release of various inflammatory and profibrogenic cytokines by these cells, was markedly inhibited. Therefore, these results might be at least partially biased by abrogating the inflammatory phase during the development of pulmonary fibrosis.
We show that ablation of VEGF specifically in myeloid cells leads to aggravated pulmonary fibrosis after pulmonary injury, indicating a protective role of myeloid cell-derived VEGF. The suggested protective role of VEGF secretion by myeloid cells could be attributable to various mechanisms. We show that VEGF inactivation in myeloid cells prevents the formation of blood vessels after pulmonary injury. However, the newly formed vasculature seen in WT control animals likely serves the increased metabolic needs of damaged tissue and enables tissue repair and restoration of homeostasis. Although the repair process is evidently not sufficient to restore tissue homeostasis fully, even in the presence of myeloid cell-derived VEGF, the observation of accelerated fibrosis after inactivation of VEGF in myeloid cells strongly argues that myeloid cell VEGF-driven vascular remodeling is required to retard the development of pulmonary fibrosis. Furthermore, it is possible that myeloid cellderived VEGF is required as a survival signal for endothelial cells that contributes to the preservation of tissue structure and homeostasis. We observe a striking increase in loss of type II pneumocytes after pulmonary injury in the absence of myeloid cell-derived VEGF. Together with the finding that, overall, pulmonary VEGF levels are drastically reduced in Mut mice, this raises the possibility that VEGF itself serves as a trophic factor for type II pneumocytes that is required for their survival.
A lack of supplying blood vessels can compromise oxygen and nutrient delivery to tissue undergoing repair (31, 32) . Hypoxia has been shown to increase the production of collagen as well as profibrogenic factors like plasminogen activator inhibitor-1, tissue inhibitor of metalloproteinase-1, and connective tissue growth factor through an HIF-mediated transcriptional response (33) (34) (35) . Furthermore, hypoxia and TGF-β have been shown to synergize with regard to the production of certain collagens in fibroblasts (36, 37) . Here, we observed an increase in HIF proteins and in the hypoxia and HIF-regulated marker protein CA-IX after treatment with bleomycin; this increase is much more pronounced in Mut animals. Interestingly, it has been shown that activation of HIF-1 in renal cells is an early event during renal fibrosis and that deletion of HIF-1α prevents fibrotic changes in the kidney (24) . Along with the development of pulmonary fibrosis after bleomycin treatment, we observed a down-regulation of E-cadherin, which is, again, more pronounced in VEGF Mut mice. Several studies have reported that HIF-1 as well as HIF-2 is a potent suppressor of E-cadherin expression (38) (39) (40) . This suggests that a decreased level of tissue perfusion, and accompanying activation of HIFs, is involved in the pathogenesis of pulmonary fibrosis. It further argues that diminished angiogenesis is directly causative of aggravated fibrosis of the lung. Finally, our findings are in agreement with observations from other organs like the kidney and liver, where inhibition of angiogenesis and subsequent hypoxia promoted fibrosis (41, 42) . Fibrotic lungs from animals lacking VEGF in myeloid cells show elevated levels of nuclear β-catenin and cyclin D1, a major downstream component of the Wnt/β-catenin signaling pathway (27) , indicating increased Wnt/β-catenin signaling. It has been reported that Wnt/β-catenin signaling can be triggered by hypoxia in an HIF-dependent manner (13, 14) and that the Wnt/ β-catenin pathway is involved in the regulation of pulmonary fibroblast proliferation and differentiation of myofibroblasts (5, (16) (17) (18) . In agreement with these results, we observed increased numbers of myofibroblasts in fibrotic lungs from Mut animals.
The increased Wnt/β-catenin signaling observed in VEGF Mut animals is likely a trigger for the increased myofibroblast formation seen in these animals, and this hypothesis is strengthened by observations that fibroblasts transdifferentiate under hypoxic conditions and that resident pulmonary fibroblasts exhibit sustained proliferation after exposure to hypoxia (23) .
These data argue that myeloid cells are an indispensable source of VEGF after injury and that vascular remodeling driven by myeloid cell-derived VEGF is required to prevent aberrant fibrotic healing. Although this finding differs from those in studies in which VEGF expression or inhibition is more broadly enacted, it is consistent with the results from a study of a tissue-specific deletion of VEGF in the endothelium that leads to pulmonary fibrosis (43), arguing that tissue-specific delivery of VEGF is an essential aspect of its function in injury. In turn, deletion of VEGF in myeloid cells leads to impaired angiogenesis, with increased activation of HIFs and increased Wnt/β-catenin signaling. Increased signaling through the Wnt/β-catenin pathway triggers the accumulation of myofibroblasts, resulting in aggravated pulmonary fibrosis. Taken together, these observations argue that the process of angiogenesis driven by myeloid cellderived VEGF is an essential component of tissue repair in the lung, and is therefore a key inhibitor of fibrotic tissue damage.
Materials and Methods
Animals. All animals were housed in an Association for Assessment and Accreditation of Laboratory Animal Care International-approved facility, and animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Targeted deletion of VEGF was created by crossing mice (C57Bl6/J) with both alleles of exon 3 of VEGF-A flanked by loxP sites (VEGF For histology, the animals underwent cardiac perfusion with PBS/EDTA and 4% (wt/vol) paraformaldehyde (PFA). Before removal, lungs were inflated with 4% PFA and then fixed in 4% (wt/vol) PFA overnight. Alternatively, the left and right lungs were separated and snap-frozen in liquid nitrogen.
Histology, Immunohistochemistry, and Immunofluorescence. For H&E staining, trichrome staining, and immunostaining, 5-μm sections were deparaffinized with xylene and rehydrated with graded ethanol. Antigen retrieval was performed by boiling the sections in citrate buffer for 10 min. The sections were stained according to routine immunohistochemistry procedures and visualized by means of a Vectastain ABC kit (Vector Laboratories).
Primary antibodies used in this study were as follows: biotinylated rat anti-F4/80 at a 1:200 dilution (Serotec), rat anti-CD34 at a 1:200 dilution (Novus), mouse anti-SMA-α at a 1:500 dilution (Chemicon), rabbit anti-TTF-1 at a 1:200 dilution (Abcam), rabbit anti-VEGF at a 1:200 dilution (Calbiochem), rabbit anti-S100A4 (FSP) at a 1:500 dilution (Dako), and rabbit anti-CA-IX at a 1:500 dilution (Novus). The fluorochrome-conjugated Alexa 488 and Alexa 568 (Invitrogen) were used as secondary antibodies.
Quantitative Analysis of Histological Markers. For quantitative analysis of the distribution of immunohistochemical markers within the tissues, sections were photographed into TIFF images using a Leica DMR microscope and SPOT RT color camera system (Diagnostic Instruments, Inc.), and the area (number of pixels) marked by each marker was measured using the Image J program (National Institute of Health) and calculated as the percentage of the area covered by DAPI.
Collagen Assay. The pulmonary collagen content was quantified with a Sircol Assay (Biocolor) according to the manufacturer's instructions.
Oxygen Uptake at the Anaerobic Threshold Measurement. Untrained saline-or bleomycin-treated WT mice and VEGF Mut mice were run on an enclosedchamber modular treadmill (Columbus Instruments), and the gas flow (O 2 and CO 2 ) into and out of the chamber treadmill was monitored using the Paramax sensor system (Columbus Instruments) and analyzed using Oxymax software (Columbus Instruments). Mice were run at an initial velocity of 15 m/min, and the velocity was increased by 2 m/min every 2 min. The O 2 uptake and the CO 2 release of the mice were monitored until they reached the anaerobic threshold as indicated by a respiratory exchange rate ≥1.
Immunoprecipitation and Immunoblotting. The entire left lung was homogenized in lysis buffer, and Western blotting was performed according to standard procedures. The following antibodies were used: rabbit anti-VEGF (Calbiochem), rabbit anti-HIF-1α (Novus), goat anti-HIF-2α (R&D Systems), mouse anti-β-catenin (BD Biosciences), mouse anti-E-cadherin (BD Biosciences), and mouse anti-β-actin (Sigma). For immunoprecipitation of VEGFR-2, 500 μg of lysate was used. The following antibodies were used in this study: rabbit anti-VEGFR-2 (Santa Cruz) and HRP-conjugated antiphosphotyrosine (4G10; Millipore). For quantitative analysis, the membranes were scanned with a fluorescence scanner and the signal strength was determined using ImageQuant software (GE Healthcare).
Flow Cytometry. Lungs were removed and cut into small pieces before incubation in a shaker at 37°C for 45 min in 0.1% Collagenase A (Roche) in RPMI 1640 (Invitrogen). The resulting single-cell suspension was pelleted and rinsed in PBS before treatment with hypotonic lysis buffer and passing through a 70-μm cell strainer (BD Biosciences). One million cells per condition were then incubated with Fc Block (BD Biosciences) before labeling with fluorescently conjugated antibodies using standard protocols. Data were acquired with a FACSCalibur flow cytometer (BD Biosciences) and analyzed with FlowJo software (Tree Star).
Statistical Analysis. Statistical analysis was done using Prism 4.0 software (GraphPad Software). Statistical significance was determined by an unpaired t test.
